The effects of stretches and releases on the contractile performance of isolated single frog atrial cells (Rana catesbeiana) were investigated. A stretch or release was imposed on the cell-either during a contraction (test) or before the onset of contraction (control)-and the contractile performance (length, velocity and force) of the test contraction was compared with that of the control contraction to determine whether the stretch or release imposed on the contracting cell altered the contractility of the cell. We found that the velocity of cell (and sarcomere) shortening for the remainder of the test contraction following either a stretch or release was markedly less than that occurring at the same time in the control contraction. This decreased velocity occurred even though the force in the test contraction was less than that in the control contraction and the sarcomere length was longer in the test contraction than in the control contraction. These results indicate that after a stretch or release imposed on the contracting cell, the force-velocity relationship at any given length and time is depressed than had the stretch or release not been imposed on the contracting cell. Thus, stretches and releases applied to the contracting single cardiac cell either produce a long-term depression in the contractility of the cell, or that the contractility at any given time and sarcomere length depends markedly on the history of the contraction. (Circ Res 54: 58-64, 1984) 
SUMMARY. The effects of stretches and releases on the contractile performance of isolated single frog atrial cells (Rana catesbeiana) were investigated. A stretch or release was imposed on the cell-either during a contraction (test) or before the onset of contraction (control)-and the contractile performance (length, velocity and force) of the test contraction was compared with that of the control contraction to determine whether the stretch or release imposed on the contracting cell altered the contractility of the cell. We found that the velocity of cell (and sarcomere) shortening for the remainder of the test contraction following either a stretch or release was markedly less than that occurring at the same time in the control contraction. This decreased velocity occurred even though the force in the test contraction was less than that in the control contraction and the sarcomere length was longer in the test contraction than in the control contraction. These results indicate that after a stretch or release imposed on the contracting cell, the force-velocity relationship at any given length and time is depressed than had the stretch or release not been imposed on the contracting cell. Thus, stretches and releases applied to the contracting single cardiac cell either produce a long-term depression in the contractility of the cell, or that the contractility at any given time and sarcomere length depends markedly on the history of the contraction. (Circ Res 54: 58-64, 1984) STRETCHES and/or releases are often used to evaluate the contractile performance of muscle. However, there have been numerous reports that displacement of the myofilaments during contraction produces a long-term depression (deactivation) of muscle contractility. It is well known that a deactivation is associated with the active shortening of muscle, and Edman (1980) has demonstrated that this shortening deactivation can persist for a long time (up to 800 msec) after the shortening has ceased. It has also been demonstrated that both stretches and releases applied to cardiac preparations produce a long-term deactivation, as evidenced by the reduced ability of the cardiac muscle to generate tension following the release or stretch (Abbott and Mommaerts, 1959; Brady, 1966; Bodem and Sonnenblick, 1974; Edman and Nilsson, 1972) . Huxley (1981) has suggested that a deactivation may follow the forceful detachment of crossbridges, due to the slow dissociation of ADP from the forcibly detached crossbridge and the subsequent delayed reentry of the crossbridge into a force-generating cycle. Julian and Morgan (1979) have suggested that intersarcomere dynamics may also play a role, since a release or stretch may produce a nonunif orm distribution of sarcomere lengths which may persist for the duration of the contraction.
Our interest in the problem of srretch-releaseinduced deactivation arose when we began to con-sider how we might produce an isotonic contraction in an isolated single cardiac cell. Such an experimental protocol has the advantage that force is constant during the contraction, and this eliminates one of the complexities involved in interpreting auxotonic data in which both force and length are changing with time. However, the imposition of isotonicity on the single cell will require imposing stretches and releases on the cell during the contraction, and it is likely that these stretches and releases will forcibly detach crossbridges. It was of interest, therefore, to determine what effects stretches and releases imposed on the contracting single cardiac cell had on the contractility of the cell.
The relatively simple structure of the single frog atrial cell offers some distinct advantages for the investigation of stretch-release deactivation. The cell is only one to two myofibrils wide, and, after attachment to the cell, the cell segment length between the points of attachment is relatively short (<200 Mm). Thus, the performance of the entire cell segment represents the performance of a relatively small number of sarcomeres (<75). The performance of an even smaller group (e.g., 10) of sarcomeres within the cell segment can also be evaluated directly, since the length occupied by a group of sarcomeres within the cell can be measured directly. Since the sarcomere performance appears to be uniform across the width of the cell, the total measured force appears to be evenly distributed between the limited number of myofibrils, and thus the forces acting at the sarcomere are known with a reasonable degree of certainty. These conditions aid in the interpretation of the data, especially regarding the determination of stretch-release-induced changes in contractility at the sarcomere level within the cell.
Methods
The techniques of cell preparation, the preparation and calibration of cantilevered glass force beams, the method of attachment of a single cell to the glass beams, the method of recording and determining sarcomere lengths and force during a twitch contraction, and the methods used to stimulate the cells electrically have been reported previously (Tarr and Trank, 1976; Tarr et al., 1979 Tarr et al., ,1981a Tarr et al., , 1981b Tarr et al., , 1981c . Briefly, each end of a single frog (Rana catesbeiana) atrial cell is attached to a glass beam ( Fig. 1 ). One of these beams (force) is relatively flexible, and its displacement is used to measure to the force on the cell. The other beam (stiff) is essentially noncompliant. Conventional bright field light microscope techniques are used to view the cell, the sarcomere pattern within the cell, and the position of the calibrated compliant force beam. Synchronized stroboscopic illumination is used to 'freeze' the motion of the sarcomeres and the force beam at time intervals of 16:67 msec during the contraction. The data are recorded on a dosed circuit TV-video tape system and analyzed, using the stop-frame capability of the video tape recorder in combination with a double TV cursor 59 (Tarr er al., 1979) . By such an analysis, the time course of sarcomere length changes, cell segment length changes, and force development that occur during a twitch contraction can be analyzed (Tarr et al., 1981a (Tarr et al., , 1981b (Tarr et al., , 1981c . For sarcomere length determinations, the length occupied by a small group of sarcomeres (usually 6-10) is determined and an average sarcomere length is calculated. The cell segment length is taken as the distance between the outside edges of the two glass beams. The cells used in the present investigation were bathed in Ringer's solution having the following composition: NaCl, 89 rrtM; KC1, 4.3 HIM; CaCU, 1.8 HIM; Tris, 10 nui; glucose, 4mM; and HC1 as required to adjust the pH to 7.3. All experiments were done at room temperature (~25°C). The experimental procedure utilized in the present study is presented schematically in Figure 1 . Releases (Fig. IB) or stretches (Fig. 1C) were imposed on the cell, either during a contraction (test) or before the onset of contraction (control), by translating the stiff beam in the direction of the long axis of the cell. This was accomplished by using a Burleigh Inchworm Translator (a piezoelectric electromechanical actuator) which moved the stiff beam prescribed distances in less than 50 msec (velocity of 600 nm/sec) with very little oscillation or overshoot. The contraction kinetics of the test contraction were compared with those of the control contraction to determine whether a given stretch or release imposed during contraction altered the contractility of the cell. Figure 2 gives the length-vs.-time and force-vs.time relationships obtained on one cell when a 32tim release was imposed on the cell either before stimulation (control) or 250 msec after stimulation (test). It is apparent that during the test contraction (open symbols) the release caused the force on the cell to drop rapidly to zero (i.e., the cell became slack). The cell then redeveloped force, and the peak force developed in the test contraction was similar to that in control contraction. It is also apparent that the rate of force development is greater after the release in the test contraction than that occurring at the same time in the control contraction. In our experimental situation, there is a direct relationship between the rate of change of force and rate of change of cell segment length, provided the cell is taut and the stiff beam is not moving. Thus, conclusions concerning the average velocity of sarcomere shortening within the cell segment can be made from the force-vs.-time relationship at any time during the contraction in which the cell is developing force and the stiff beam is not being translated. In this example, the increased rate of force development in the test contraction following the release relative to that occurring in the control contraction at the same time indicates that the cell was shortening at a higher velocity in the test contraction than in the control contraction. This increased velocity of shortening is directly apparent in the length-vs.time relationship. In this example, it is not obvious whether the release imposed during the contraction had any depressant effect on the contractility of the cell, since the higher velocity of shortening in the test contraction relative to that in the control contraction occurred in the presence of a decreased force. An increased velocity in the presence of a decreased force is what would be expected from a muscle having a typical force-velocity relationship. Thus, definitive conclusions regarding what effects the release imposed on the cell during the contraction may have had on the contractility of the cell requires more detailed knowledge about both the shape and length-dependency of the force-velocity relationship.
Results
The example given in Figure 2 in which there was no obvious deleterious effect of a release imposed during a contraction on the contractility of the cell was something of a rare finding. A more typical Circulation Research/Vol. 54, No. 1, January 1984 result is shown in Figure 3 . In this case, the rate of force development in the test contraction following the release was markedly decreased compared with that occurring at the same time in the control contraction. This reduction in the velocity pf shortening (i.e., rate of force development) occurred even in the face of a markedly decreased force. Although it is not apparent, the cell was operating on the ascending limb of its length-tension relationship over the length ranges utilized in this experiment. Thus, the finding of a depressed velocity of shortening in the presence of a decreased force and increased length (i.e., relative to the control contraction) indicates that the contractility of the cell during the test contraction was depressed after the release.
r
EXPT. 1-021282 500 TIME (msec) Figure 4 gives data obtained on one cell in which a stretch was imposed on the cell. The stretch imposed during the contraction caused a rapid increase in force, as well as extension of the cell. After the stretch, the velocity of shortening was decreased, compared with that occurring at the same length and at the same time in the control contraction. Again, the interpretation is clear. The contractility of the cell following the stretch imposed during the contraction was depressed relative to that which it would have been at a given length and time had the stretch not been applied during the contraction.
Another example of an obvious depression in contractility associated with an imposed motion on the cell during contraction is shown in Figure 5 . In this experiment, the stiff beam was moved to impose slack on the cell briefly, and then the stiff beam was returned to its original position (test contraction). It is apparent that-upon the return of the stiff beam to its original position-the force in the test contraction (open symbols) stayed well below that in the 
-time relationships obtained on a cell in which either a transient release (open symbols) was imposed on the cell 200 msec after stimulation, or no externally applied motion was imposed on the cell (closed symbols). The transient release consisted of moving the stiff beam so as to impose slack on the cell, and then, 40 msec later, moving the stiff beam back to its prerelease position. The minimum length which occurred during the transient release (i.e., 360 urn) represents the distance between the outside edges of the two beams. Since the cell was slack at that instant, this length does not represent the true length of cell between the points of attachment.
control contraction where no motion was imposed on the cell (closed symbols). However, this decreased force was associated with an increased cell length (i.e., compare cell lengths in the two contractions at all times after about 250 msec). Also, after the transient release, the cell shortened at the same-or slightly decreased-velocity, even in the face of a decreased force and increased length. It appears that the release imposed on the cell produced a depression in the contractility of the cell. Thus, during the return of the stiff beam to its original position, the cell yielded with only a slight increase in force. In fact, the cell extended through the length where, during the control contraction, it was capable of lifting a much greater load.
Examples of release-induced and stretch-induced deactivation occurring within a small group of sarcomeres (seven) are shown in Figures 6 and 7 . These figures demonstrate that the results obtained from analyzing a small group of sarcomeres within the cell are quite similar to those presented in previous figures where segment length was analyzed. Following a release applied during the contraction, the velocity of sarcomere shortening was depressed relative to that occurring in the control contraction (Fig.  6 ). This depressed sarcomere velocity occurred in the face of a decreased force and increased sarcomere length. Similar results were obtained at the sarcomere level when a quick stretch was applied during the contraction (Fig. 7) . 6. Sarcomere length-vs.-time and(orce-vs.-time relationships  obtained on a cell in which an 8-nm release was imposed on the cell.  The sarcomere length data represents the average sarcomere length  of a population of seven sarcomeres. Since the cell was slack for a  period of time in the contraction in which the S-um release was  imposed prior to stimulation (closed symbols), sarcomere lengths were  not determined until the cell became taut and began to develop 
Discussion
The results presented in this paper clearly demonstrate that the contractility of the single cardiac cell following the imposition during a contraction (test) of either a stretch or release is depressed relative to that occurring at the same time in a contraction (control) in which the stretch or release is applied prior to stimulation. This depressed contractility consists of a decreased velocity of shortening in the presence of a decreased force and increased length relative to that occurring in the control contraction at the same time ( Figs. 3 and 4) . Such a depressed contractility would occur if the lengthdependent force-velocity relationships existing at any given time in the test contraction following the release or stretch were depressed relative to those existing at the same time in the control contraction. A depressed force-velocity relationship could result from (1) a depressed unloaded velocity of shortening Unfortunately, the implication of our results is that stretches and releases which are generally used to determine P o and V o at a given time during a contraction may also alter P o and V o and, thereby, make it impossible to determine which of the parameters is being affected by the stretch or release.
Our findings of a depressed contractility following the imposition of stretches and releases on the active single cardiac cell are quite similar to those reported previously from investigations on more complex cardiac preparations. Abbott and Mommaerts (1959) showed, 25 years ago, that after rapid stretches applied to active mammalian papillary muscle, the 'isometric' tension stayed far below that occurring in the control 'isometric' contraction in which the same stretch was imposed on the resting muscle before stimulation. This depression in "isometric' force development occurred even when the stretch was applied fairly soon (100 msec) after stimulation. We also found a depression in contractility performance even when a release or stretch was imposed early after stimulation (Figs. 3 and 6) . Brady (1966) also reported that 'isometric' force development following stretches imposed on active mammalian papilliary muscle was depressed relative to the control contraction, but he reported that such a depression occurred only when the stretch was imposed fairly late (>200 msec) in the rising phase of the contraction. A depression in contractility following releases imposed on active mammalian papillary muscle has also been reported previously (e.g., Edman and Nillson, 1972; Bodem and Sonnenblick, 1974) . Julian and Morgan (1979) have suggested that intersarcomere dynamics may play a significant role in the muscle's contractile performance following the imposition of releases and stretches. They emphasized that once a nonuniform distribution of sarcomeres is established, it is likely to remain for the duration of the contraction, and they suggested that the interplay between nonhomogeneous sarcomeres following the release or stretch must be considered in the interpretation of data. Nonuniform contractile performance does occur in intact muscle preparations, such as isolated papillary muscle or strips of striated muscle (cardiac and skeletal), and this inhomogeneity results primarily from damage to the end regions to which attachments to the muscle are made. The sarcomeres in the end regions generally have a higher resting compliance than those in the central region, and they also have a decreased force generating capacity (Huntsman et al., 1977; Donald et al., 1980; Faulkner et al., 1982) . Thus, during a so-called isometric contraction, the sarcomeres in the central region of the fiber shorten and extend those in the end regions (Nassar et al., 1974; Krueger and Pollack, 1975; Faulkner et al., 1982) . The role played by intersarcomere dynamics in accounting for the apparent depressed conrractil-63 ity following stretches and releases applied during twitch contractions in intact cardiac muscle has not been analyzed, and the analysis is complicated by the fact that the distribution of forces within the tissue is entirely unknown. However, it is reasonable to expect that dynamic manuevers such as stretches and releases imposed on a contracting muscle having nonhomogeneous active and resting length-tension relationships will produce a nonuniform response which may contribute to an apparent depression of contractility.
The findings presented in this paper demonstrating a depressed contractility, both at the cell segment level containing only a limited number of sarcomeres (<75), as well as in a very small group of sarcomeres ( Figs. 6 and 7) within the cell segment, indicate that the depression in contractile performance occurs throughout all of the sarcomeres within the single cell segment. Thus, the data indicate that the depression of contractile performance following the imposition of a stretch or release on the contracting cell occurs at the sarcomere level within the cell and is not the result of regional differences within the cell.
The finding of a depressed contractility after a stretch or release of contracting muscle has at least two possible explanations. First, the contractility of the cell at any time and length may depend on the history of the contraction. This would occur if the time course of the change in ionized intracellular calcium were history dependent. Second, the forceful detachment of crossbridges resulting from the stretch or release of the contracting sarcomere could produce long-term changes in contractility if the forcibly detached crossbridge were unable to reenter a force-generating cycle rapidly (Huxley, 1981) . Unfortunately, either mechanism has the profound implication that imposing length changes on active muscle as a tool to investigate the contractile performance of the muscle could yield uncertain results, since the length change, in itself, could alter the subsequent time course of the contractile state of the cell. Thus, feedback-controlled length changes used to produce an isotonic contraction may alter the contractile performance of the cell in an indeterminate manner. Certainly, if the forcibly detached crossbridge cannot rapidly reenter a force-generating cycle, then length changes imposed on the cell in an effort to produce an isotonic contraction must be of such a nature that crossbridges are not forcibly detached. Since the crossbridge has an operative length range on the order of 12 run, it follows that imposed length changes in excess of about 12 run/ half-sarcomere will lead to the forceful detachment of crossbridges. In the case of a single cardiac cell segment containing on the order of 50 sarcomeres, the feedback control system must be capable of making precisely controlled length changes of much less than 1.2 /im if it is to control the force in the cell at forces less than the force required to detach crossbridges. The system must also be able to record force essentially isometrically so that no significant length change is required to detect a change in force. Presently, our system satisfies neither of these criteria, and the implementation of isometric force recording at the single cell level in conjunction with precisely controlled length movements at the submicron level is by no means a trivial experimental problem.
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